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Abstract 
This article suggests the solution to the inverse problem of harmonic balance by the method of full-scale–model testing to obtain 
hysteresis weber-ampere characteristics of electrical devices. During the testing of AC electrical devices quite often it is 
necessary to obtain a hysteresis weber-ampere characteristic. When the magnetic material is magnetized by the alternating field, 
hysteresis loop that characterizes the energy consumption per cycle of magnetization reversal is expanding due to the appearance 
of eddy current losses and loss by aftereffect. The aim of the study is to develop a method for determining the hysteresis weber-
ampere characteristics on the basis of the solution to the inverse problem of harmonic balance for electrical devices. The 
technique is based on the previously conducted studies to obtain weber-ampere characteristics of electrical devices, as well as the 
weber-ampere characteristics of the operating duty cycle of AC electrical devices. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of the International Conference on Industrial Engineering (ICIE-
2015). 
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1. Introduction 
This article describes the solution of the inverse problem of harmonic balance method of natural-model tests for 
hysteresis weber-ampere characteristics of electrotechnical devices. During diagnostics AC electrical devices often 
need to receive the hysteretic weber-ampere characteristic. When the magnetization of the magnetic material to the 
alternating field hysteresis loop that characterizes the energy consumption per cycle of magnetization reversal is 
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expanding due to the appearance eddy current losses and loss-effect. The aim of the study is to develop a 
methodology for determining the hysteresis weber-ampere characteristics based on the inversion harmonic balance 
for electrotechnical devices. The technique is based on the previously conducted studies to obtain weber-ampere 
characteristics of electrotechnical devices, as well as the weber-ampere characteristics of the operating cycle of 
electrotechnical devices AC. 
Automatic control systems enable the production of more efficient use of materials and operating parameters of  
electrotechnical devices (ED). It is not possible to create a process control system without effective methods and 
control of products [1]. From studies [2] it is known that the weber-ampere characteristic (WAC) ED AC allows to 
determine the efficiency of ED and the type of fault. 
2. Determination hysteresis wac ed 
WAC obtained during the flow of alternating current by the working winding ED will have a hysteresis. When 
measuring a WAC should take into account two things: the distortion of the curve, and the phase shift between the 
magnetic flux Ɏ and the current in the coil I, produced this stream. The relationship between Ɏ and I determined by 
the shape and dynamic loop, so the sinusoidal variation of one of the variables considered in the general case, the 
second will not change sinusoidally (will harmonics). 
The lag phase flow curve of the current curve is due to the influence of eddy currents and magnetic viscosity. 
Angle of lag G called the angle of losses [3]. 
To account for the effects of distortion curve shape and the presence of the phase shift depending ) = f(I) when 
magnetizing alternating field Arkadyev [4], it was suggested that the real dynamic loop equivalent ellipse, which 
satisfies the equation in the coordinates ) and ,: 
( ) ( )sinmaxi t I wt    (1) 
 Ɏ sin Ȧ įɎ( ) ( )maxt t     (2) 
If you type in the component stream )max1 = )max cosG, is in phase with the direction I, and component )max2 = 
)max sinG, lagging on 90° the direction I, when [5] )max1 associated with reversible processes of transformation of 
energy during magnetization reversal, and )max2 – with irreversible. The expression (2) takes the form: 
)cos()sin()( 2max1max ttt Z)Z))     (3) 
We propose a method of determining the loop ) = f(I) + )max2cos(Zt) which takes into account its hysteresis. To 
do this, we will implement the decision of the inverse problem of harmonic balance method of natural-model tests 
[6 – 11], the unifying dimension of the physical object and the modeling of the object. The method allows to 
determine the shape of the loop ) = f(I)+ )max2cos(Zt), the known flowing through the coil current of the electrical 
device, given in the form of Fourier series:  
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where I(2m-1) – amplitude (2m-1) harmonic current and the known shape and amplitude Ua the voltage applied to the 
coil of electrical products: 
( ) sin(Ȧ )au t U t    (5) 
The reversible component of the hysteresis weber-ampere characteristic of electrical products, set approximating 
expression: 
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where Ɏ – value of the magnetic flux, k(2m-1) – the coefficients of the approximating expression weber-ampere 
characteristic, (1, )m n , n - number of terms in the approximated by, i – the current flowing through the coil of 
electrical products. 
The problem is formulated as follows. There are electrical devices with known hysteresis WAC known laws of 
variation of voltage (5) applied to the nonlinear inductance and current flowing through it (4).It is required to 
determine the coefficients k(2m-1) expression (6), approximating hysteresis weber-ampere characteristic and the 
amplitude of the irreversible flow component )max2. 
The equation of the circuit of the electrical device: 
Ɏ( ) du t Ri
dt
     
Rewrite it, taking into account the known laws of current change (4) and voltage (5): 
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The experiments, which as a method for the determination of the hysteresis weber-ampere characteristics of the 
algorithm used natural-model tests with regard to our problem is this: the electromagnet is supplied sinusoidal 
voltage and using the current and voltage sensors, measurements of the input (power) and output (current ) signals of 
the electromagnet, then received data is sent to a personal computer, where the data model, the input and data output 
model, and using an optimization algorithm seeking coincidence output electromagnet and its model. When 
coincidence output is based on the latest iteration of the resulting weber-ampere characteristic. As a basis for 
constructing optimization algorithm of the control program using the simplex method of optimization [12]. The 
program implements the electrical device [13, 14, 15], and an optimization program based on a simplex-planning 
[13, 14, 15]. 
3. Realization of natural-model experiment to determine the hysteresis WAC ED 
A series of experiments confirming the successful implementation of the method. Fig. 1 shows graphs of current 
forms on the first iteration of the simplex optimization. 
 
 
Fig. 1. The shape of the current produced in the physical object in the emulator and the first iteration of the simplex optimization. 
From Fig. 1 shows that the current shape of the physical object and emulation have significant differences as 
hysteresis WAC Fig. 2. 
802   N.I. Gorbatenko et al. /  Procedia Engineering  129 ( 2015 )  799 – 803 
 
 
Fig. 2. Hysteresis WAC physical object (1) and Emulator (1) after the first iteration of the simplex optimization. 
Optimization program was carried out 34 iterations, resulting in the current waveform obtained in the emulator 
(2) approaching the current physical form of the model (1) (Fig. 3). 
 
 
Fig. 3. Current form obtained at the physical object and the emulator on the last iteration. 
 
Fig. 4. WAC obtained at the last iteration and on the physical object. 
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A study [13, 14, 15, 16], the effect of measurement errors on the accuracy of harmonic current method of 
determining the weber-ampere characteristics. The values of harmonic currents varied in the range of ± 4,4%, the 
additional error getting weber-ampere characteristics did not exceed 1%. 
4. Conclusions (Summary) 
The proposed method is relevant for the monitoring systems and its possible use for magnetic hysteresis 
characteristics of electrical devices such as during their production and during their operation. The method provides 
a description of the electrical device with the error does not exceed 3%. 
The results obtained with the support of ʋ 1.2690.2014 / K "Methods for solving inverse problems of diagnosis 
of complex systems (engineering and medicine) on the basis of natural-model experiment" performed under the 
project of the state task using equipment NBI "Diagnosis and energy-efficient electrical equipment " South-Russian 
State Technical University (NPI) of the MI Platov. 
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